Self-sporulating diploid and aneuploid cells were identified in the life cycle of Rhodosporidium toruloides by microscopic observation of nuclear behaviour, microphotometry of DNA content, and genetic characterization of progeny. From a sexual cross between haploid A -and a-type strains, diploid progeny with both A and a mating-type loci and aneuploid progeny with either A or a mating-type locus were isolated in addition to haploid progeny. The diploid isolates propagated by budding in yeast form and eventually developed monokaryotic hyphae. The diploid hyphae formed uninucleate teliospores and blastospores from which diploid yeast cells were isolated (self-sporulatirig). Aneuploids carrying the A or a mating-type isolated from a sexual cross and from self-sporulating diploids entered the sexual cycle like haploid cells. The life cycle consisting of sexual and self-sporulating cycles is presented.
K . A B E A N D T . S A S A K U M A
Isolation ofprogeny from the cross between strains M-919 and M-1057. Cells of M-919 and M-1057 were cultured separately in YS liquid medium, and mixed to give a cell number ratio of 1 : 1. The cells in 5 p1 of the mixed culture were deposited onto a membrane filter (Toyo Roshi; pore size 0.65 pm), which was placed onto a YS agar plate. M-919 and M-1057 cells mated and dikaryotic hyphae developed. Since only hyphae which elongated after cell conjugation could penetrate through the filter, teliospores were formed under the filter in the agar medium after incubation for 7 d. When the filter was removed and the plate was incubated for another 7 d, small colonies of yeast cells (about 0.5 mm in diameter) developed from the teliospores. These colonies were isolated as progeny of the cross, and characterized by their mating property and markers. Only one strain was isolated from each colony. Self-sporulating strains, which were present among the progeny, were characterized by the same procedure.
Mating-type test. A membrane filter method was developed to identify the mating types of cultures. Strains M-919, M-1057 and a given isolate (test strain), were independently cultured in YS liquid medium, and 1 p1 of each culture was separately spotted onto a membrane filter (pore size 0.65 vm). Then 1 p1 of culture of the strain to be tested was placed over the spots of M-919 and M-1057. After 7 d incubation, the filter with the mounted cells was removed, and the agar medium under the spots was observed under a microscope. If hyphae and teliospores were observed only under the spot of M-919, the isolate was designated as a-type, and if they were present only under M-1057, as A-type.
Nuclear staining. To prepare specimens of SS-type strains, the cells were left attached to a cover glass and washed three times with MM medium. Then the cells on the cover glass were cultured in MM medium for 3 to 24 h, and nuclei in hyphae and teliospores were stained with Giemsa reagent (Sigma) as described by Abe et al. (1977) .
Microphotometry for DNA content. Each strain was cultured in YS liquid medium, and 5 x lo5 cells were piaced onto YS agar, and incubated for 16 h. Propidium iodide staining and RNAase treatment were done simultaneously. A loopful of the cells was suspended in a solution containing the fluorescent dye propidium iodide (5 pg ml-], Sigma) and RNAase A (1 pg rng-', Sigma) in modified NS buffer (Suzuki et al., 1982) and incubated for 2 h at 37 "C. Fluorescence was observed with a UVFLlOO objective, using a UV excitation filter (545 nm) in combination with a 610 nm suppression filter. These observations were made at the Institute for Basic Biology, Okazaki, Japan, through the courtesy of Dr T. Kuroiwa. To determine the relative DNA content per nucleus, the intensity of fluorescence emitted from a propidium iodide-stained nucleus was measured by use of a Zeiss MPM 03-Fluorometer equipped with a x 100 objective. Fluorescence intensity was measured only in non-budding yeast cells because DNA is synthesized after bud emergence in R . toruloides (Abe et al., 1984) .
R E S U L T S
Isolation of self-sporulating strains from the cross between strains M-919 and M-1057 Phenotypes of the progeny isolated from the cross between strains M-919 and M-1057 are summarized in Table 1 . Of 13 1 isolates examined, 23 were A-type and 50 a-type. The remaining 58 isolates formed hyphae and teliospores on the agar medium without being supplied with A-or a-type cells. Therefore, these isolates were designated as self-sporulating type (SS-type). From another cross, CCY 62-2-22 x M-1057, 61 % of the isolates were the SS-type. Of the 23 A-type isolates, 20 isolates were non-parental, and of the 50 a-type isolates, 46 were non-parental (Table  1) . In these isolates, 20 of the 23 A-type and 43 of the 50 a-type showed only one or neither of the parental genetic markers, suggesting that many of these isolates were aneuploid. On the other hand, all isolates of SS-type were prototrophic and formed pink colonies under which brown mycelia were formed in the agar, suggesting that the SS-type might be diploid.
In one experiment, two sporidial lines of SS-type were isolated from a promycelium of the teliospore from the cross M-919 x M-1057. When other teliospores from the same cross were cultured, two or three sporidia budded off from the promycelium in most cases, while four sporidia formed rarely. These phenomena suggest imperfect or no meiosis in the teliospores obtained in the present system.
Morphological change and nuclear behaviour of the SS-type cells The SS-type cells, which propagated by budding in yeast form, were uninucleate (Fig. la) . The nuclear behaviour during the budding process was the same as that of haploid yeast cells except that binucleate cells and budding cells with three to four compact nuclei were rarely observed ( Fig. 1 b, c) . Haploidization might occur in such nuclei.
A uninucleate hypha developed from a SS-type yeast cell without fusion with other cells (Fig.  16 ). Unbudded cells were at the G I stage (Abe et al., 1984) , thus the transition from yeast to hyphal cell might occur at the G I stage. The hypha formed from a polar region of the yeast cell, t Nutritional requirement of methionine (met), pantothenic acid (pan) and p-aminobenzoic acid (paba).
$ Self-sporulating.
similar to the mating-tube formation on a haploid yeast cell (Abe et al., 1975) . The trigger which induces the change from yeast to hyphal form is not clear. The hyphae were monokaryotic and had incomplete clamp connections (Fig. 1 e) , in contrast to the dikaryotic hyphae with complete clamp connections which result from sexual conjugation. Teliospores formed on the SS-type hyphae were also uninucleate and had incomplete clamp connections ( Fig. 1 g-i) . Blastospores, yeast cells which budded off from the hyphae, were sometimes observed in 2-or 3-d-old cultures of SS-type hyphae.
Segregation of A-and a-type yeast cells from SS-type In total, 754 colonies were isolated from 11 SS-type strains derived from the cross between strains M-919 and M-1057 (Table 2) . Most of these isolates were the SS-type, but A-and a-type isolates were obtained with a frequency of 1.2 and 2.4%, respectively. Both mating types segregated, especially those from four SS-type isolates, S67, S103, S119 and S121. The isolated Aand a-type yeasts did not develop either hyphae or teliospores. The segregation of both A-and atype yeasts suggests that the SS-type strains were Aa diploid.
The frequency of SS-type isolates from SS-type strains was 96.4% (Table 2) , which was much higher than the 44.2% obtained from the sexual cross (Table 1) ; this high frequency might have partly resulted from blastospore formation on the mycelium of this type.
DNA content per cell in isolates from the sexual cross and the SS-type
The relative DNA content per cell measured by microphotometry with propidium iodide staining is given in Table 3 for the parental strains (M-919, M-1057), for the progeny from the sexual cross (S66, S43) and for the progeny from the SS-type derived from the cross (S66431, S67-B2). Based on data from Saccharomyces cerevisiae the fluorescence intensity of strain M-919 (33.7) corresponds to 49 fg DNA per nucleus. Assuming that the DNA content of M-919 cells at the G , stage is 49 fg per nucleus and thus 98 fg at the early M stage, the SS-type strain S66 is probably diploid because it contained 92 fg DNA per nucleus. The DNA content of 68 and 62 fg per nucleus for S43 and S66-B 1, respectively, is consistent with the suggestion that both strains were aneuploid. Yellow sectors appeared in the colonies of both strains. These results indicate that aneuploids segregated from both the sexual cross and the SS-type. Five a-type prototrophs were isolated from the SS-type strain S67. One, S67-B2, with nearly haploid DNA content (Table 3) , formed yellow colonies, but the other four isolates formed pink colonies from which yellow ones segregated mitotically. This suggests that the pink a-type yeasts isolated from the SStype S67 were aneuploid. t G , stage cell, non-budded and uninucleate.
$ Early M stage cell, with a large bud of relative bud length about 0.8 and a nucleus located in the neck of the bud.
From the diploid prototrophic strain S66, cells which showed pantothenic acid requirement, yellow colour or A-type segregated without formation of teliospores with frequencies of 3-8,0-67 or 0.1 %respectively. These segregants were obtained from the liquid culture of the yeast-form of that strain. No segregation was observed in the parental strains, M-919 and M-1057, under the conditions used, indicating that genetic markers segregated mitotically from the diploid cells. Since one of the mitotic segregants, S66-7, had a DNA content of 62 fg per nucleus, mitotic reduction might occur during vegetative division.
DISCUSSION
A diploid self-sporulating type (SS-type), which propagated by budding and developed monokaryotic mycelia, was identified from sexual crosses between haploid A-and a-type strains of Rhodospiridiurn toruloides. In Ustilago maydis (Holliday, 1961) and U. violacea (Day & Jones, 1968), diploid self-sporulating sporidial lines were isolated from crosses of compatible and complementary auxotrophic mutants by artificial selection. SS-types were also reported in Leucosporidium scottii (Fell et al., 1969) and Rhodosporidium sphaerocarpum (Newel1 & Fell, 1970) , and were thought to have resulted from failure of meiotic reduction. Artificially selected self-sporulating strains of R. toruloides were reported in protoplast fusion between A-and a-type strains (Becher & Bottcher, 1983) . Variation of genome ploidy has been reported in Candida albicans (Suzuki et al., 1982) . These findings suggest that variation in ploidy and a diploid life cycle are commonly observed in these lower eukaryotes. The segregation ratio of the genetic markers Met-, Pan-and Paba-among A-and a-type segregants, which were isolated from the cross between strains M-919 and M-1057, were significantly different from 1 : 1, suggesting that meiosis in R. toruloides did not occur normally, but resulted in formation of aneuploid products. The appearance of SS-type from the sexual cross also suggests that meiosis did not occur normally.
Considering the experimental data, the life cycle of R. toruloides has been revised and is presented schematically in Fig. 2 . It has two major cycles, a sexual cycle and a diploid selfsporulating cycle. In the former, haploid and aneuploid cells having two alternative mating types propagate vegetatively by budding. When A-and a-type cells are mixed, conjugation occurs and is followed by development of dikaryotic hyphae on which teliospores are formed. Aand a-type nuclei fuse in the teliospore. After germination of the spores, A-and a-type alleles segregate, resulting in A-and a-type sporidia, which propagate by budding as haploid or aneuploid yeasts. The yeasts enter the next sexual cycle by conjugating with cells of the opposite mating type. At germination of the teliospores, diploid sporidia with both non-segregated A and a mating-type alleles are produced, and these cells enter the alternate self-sporulating cycle. The sporidia propagate vegetatively by budding and eventually produce uninucleate hyphae without conjugation. These hyphae produce uninucleate teliospores and blastospores, which germinate and produce again the diploid yeast. When mating-type alleles A and a are segregated at the germination of the teliospores, the products enter the sexual cycle. Meiosis may occur in the teliospores to produce segregants which enter the haploid phase, but abnormal or imperfect meiosis may be involved in the present system.
Life cycle of Rhodosporidiurn toruloides 1465
In Fig. 2 , the pathway of mitotic reduction from Aa to A or a is indicated. Since S66-7, which is a mitotic segregant from the SS-type strain S66, showed aneuploidy, this pathway must be involved in the life cycle of R. toruloides. This pathway may also function to produce nonparental haploid cells without meiosis, which enter the sexual cycle.
The present study indicates the diversity of the life cycle in R. toruloides. This complex system may be meaningful for understanding life cycles of eukaryotes from the evolutionary viewpoint as well as for studying the regulation of phase transition.
